Abstract The extracellular matrix (ECM) of the prostate, which is comprised primarily of collagen, becomes increasingly disorganized with age, a property that may influence the development of hyperplasia and cancer. Collageous ECM extracted from the tails of aged mice exhibits many characteristics of collagen in aged tissues, including the prostate. When polymerized into a 3-dimensional (3D) gel, these collagen extracts can serve as models for the study of specific cell-ECM interactions. In the present study, we examined the behaviors of human prostatic epithelial cell lines representing normal prostate epithelial cells (PEC), benign prostatic hyperplasia (BPH-1), and adenocarcinoma (LNCaP) cultured in contact with 3D gels made from collagen extracts of young and aged mice. We found that proliferation of PEC, BPH-1, and LNCaP cells were all increased by culture on aged collagen gels relative to young collagen gels. In examining ageassociated differences in the composition of the collagen extracts, we found that aged and young collagen had a similar amount of several collagen-associated ECM components, but aged collagen had a much greater content of the glycosaminoglycan hyaluronan (HA) than young collagen. The addition of HA (of similar size and concentration to that found in aged collagen extracts) to cells placed in young collagen elicited significantly increased proliferation in BPH-1 cells, but not in PEC or LNCaP cells, relative to controls not exposed to HA. Of note, histochemical analyses of human prostatic tissues showed significantly higher expression of HA in BPH and prostate cancer stroma relative to stroma of normal prostate. Collectively, these results suggest that changes in ECM involving increased levels of HA contribute to the growth of prostatic epithelium with aging.
Introduction
It is increasingly appreciated that changes in the extracellular matrix (ECM) with age confer an increased risk of disease. One such example is the prostate, where aging is the greatest risk factor for both benign and malignant pathology (Grönberg et al. 1994; Saad et al. 2008) . This is due, in part, to interactions between components of the ECM and prostate epithelial cells (Sprenger et al. 2010) . Prostatic ECM is comprised primarily of the fibrillar protein type I collagen, the predominant ECM component in skin and many other organs. Type I collagen in aged prostates exhibits many of the features of aged collagen in other tissues, including decreased organization and density (Sadoun and Reed 2003; Bianchi-Frias et al. 2010) .
Studies of the influence of collagenous ECM on cell behavior can be facilitated by culturing cells in contact with 3-dimensional (3D) gels of polymerized type I collagen, which simulate ECM environments in vivo better than rigid substrates, such as ECM-coated or tissue culture plastic (Vernon and Sage 1999; Cukierman et al. 2001; Lee et al. 2007; Shi et al. 2011; Petrie et al. 2012) . Of note, collagen is easily and reproducibly extracted from native tissues, and the resulting solutions of monomeric collagen are homogenous, retain collagen-associated ECM components, and are free of growth factors, cytokines, and cells. Accordingly, 3D collagen gels are the foundation for in vitro culture systems that model benign and malignant cellular responses in vivo (Cukierman et al. 2001; Bartling et al. 2009; Leventhal et al. 2009; Damodarasamy et al. 2010; Miron-Mendoza et al. 2010; Petrie et al. 2012) .
For studies of aged collagen, tendons from the tails of young and aged mice can be extracted to yield "young" and "aged" collagenous ECM. Under physiologic conditions, the extracted collagen monomers assemble into a gel of fibrils that resembles native fibrillar collagen in vivo. As we and others have previously shown, when compared to gels made from young collagen extracts ("young collagen gels"), gels made from aged collagen extracts ("aged collagen gels") retain many of the characteristics of native, aged tissues, which include decreased collagen density, greater disorganization and heterogeneity of collagen fibers, and increased levels of advanced glycation end-products (Jiang et al. 2000; Wu et al. 2005; Bartling et al. 2009; Damodarasamy et al. 2010) . The phenomenon that aged collagen gels made in vitro retain, in some respects, the characteristics of collagenous ECM in native aged tissues in vivo makes these gels useful for in vitro studies of age-associated changes in cell-ECM interactions (Bentov et al. 2013) .
In the present study, we evaluated the influence of young and aged 3D collagen gels on the behaviors of three wellcharacterized human prostatic epithelial cell lines in vitro. These lines were as follows: PEC, which is obtained from normal prostate tissue; BPH-1, which is derived from hyperplastic prostate and has historically represented benign proliferative prostate disease; and LNCaP, which is derived from metastatic prostate adenocarcinoma and has been a consistent example of aggressive prostate cancer (Horoszewicz et al. 1980; Hayward et al. 1995) . We compared the proliferative responses of PEC, BPH-1, and LNCaP cells in aged vs. young 3D collagen gels. Differential responses of all three prostate epithelial cell lines to the young and aged gels led to studies to determine if specific differences in the composition of the young and aged collagen extracts might be responsible for the observed effects.
Materials and Methods
Cell culture. PEC cells are obtained from normal prostate tissue (Lonza, Allendale, NJ). BPH-1 cells are an SV40 Timmortalized primary human prostate epithelial cell line derived from a prostate with benign hyperplasia (Hayward et al. 1995) . The LNCaP epithelial cell line is an androgen-sensitive cell line derived from prostatic adenocarcinoma that had metastasized to a lymph node (Horoszewicz et al. 1980) . Cells were confirmed to be epithelial in nature by keratin immunostaining. To maintain consistency, PEC, BPH-1, and LNCaP lines were all cultured in a growth medium consisting of RPMI-1640 (Invitrogen, Grand Island, NY) with 5% fetal bovine serum (FBS) (Invitrogen) and antibiotics supplemented with 1×10 −9 M dihydrotestosterone (Sigma-Aldrich, St.
Louis, MO). All experiments were conducted in this growth medium unless otherwise specified.
Preparation of collagen extracts and gels. Young (5-6 mo) and aged (23-24 mo) C57Bl/6 male mice, an established model for the study of aging (Ershler et al. 1984) , were obtained from the NIA Rodent Colony (aged mouse colony, Charles River Laboratories, Wilmington, MA). For each extraction, an equivalent wet weight of tendon tissue was isolated from each euthanized mouse. The isolated tendons from 5 young and 5-6 aged mice were pooled in respective "young" and "aged" groups, hydrated briefly in phosphate-buffered saline (PBS), rinsed in acetone and 70% isopropanol, macerated, and stirred gently overnight at 4°C in 0.05 N acetic acid. Three separate pools, representing 15 young and 16 aged mice, were utilized for the experiments. Subsequently, the "young" and "aged" collagen extracts were centrifuged for 15 min at 4,000×g to remove undissolved material. Total protein content was quantified by a bicinchoninic acid assay (Thermo Fisher Scientific Inc., Waltham, MA), and specific collagen content was quantified by the Sircol assay (Accurate Chemical and Scientific Corp., Westbury, NY). 3D gels were prepared from young and aged collagen extracts as previously described (Damodarasamy et al. 2010) . For purposes of analyzing cell proliferation, cells were placed on top of the 3D gels, which have been shown to elicit changes similar to that of cells cultured within 3D gels (Haas et al. 1998) .
Cell proliferation assays. Young or aged collagen gels (35 μl volume) were polymerized in each well of a 96-well plate. Subsequently, 5,000 cells were placed on each gel, and an index of the proliferative activity after 72 h of culture was measured with a Cultrex® 3D Culture Cell Proliferation Assay Kit (Trevigen Inc., Gaithersburg, MD).
Western blotting. Collagen extracts of equivalent collagen content were resolved by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (20 μg/ lane), transferred to blot membranes, and probed with 2-5 μg/ml of primary antibodies to type I collagen (Chemicon International, Temecula, CA), thrombospondin-1 (TSP-1) (Santa Cruz Biotechnology Inc., Santa Cruz, CA) and the proteoglycans decorin and biglycan (kindly provided by Dr. Larry Fisher, NIDCR/NIH). Blots were probed with appropriate horse radish peroxidase-conjugated secondary antibodies (1 μg/ml, Jackson ImmunoResearch, West Grove, PA) followed by enhanced chemiluminescence (GE Healthcare LifeSciences, Piscataway, NJ).
Measurement of hyaluronan content and molecular weight in collagen extracts. Total hyaluronan (HA) in collagen extracts was measured by a competitive enzyme-linked sorbent assay (ELSA) as previously described (Wilkinson et al. 2004; Sakr et al. 2008; Jarvelainen et al. 2009 ). Briefly, extracts were dialyzed, digested with proteinase K (250 μg/ml) to degrade endogenous proteins and proteoglycans. After heatinactivation of the proteinase K, the samples were assayed for HA. HA reactivity was quantitated according to a standard curve of purified HA (Underhill 1993; Wilkinson et al. 2004; Jarvelainen et al. 2009 ). The molecular weight (MW) of HA in the dialyzed, proteinase K-treated preparations was evaluated by electrophoresis through 1.2% agarose as previously described .
HA staining of collagen gels and prostate tissues. Gels made from polymerized extracts of young and aged collagen were fixed in neutral-buffered formalin, dehydrated, embedded in paraffin, and sectioned at 5 μm. Slide-mounted, deparaffinized sections were stained for total HA using HAbinding protein (HABP) complexed with biotin (2 μg/ml), followed by Vectastain® ABC (avidin-biotin complex) and 3,3′-diaminobenzidine (DAB) (Vector Laboratories, Burlingame, CA). Images were recorded by digital light microscopy. Slide-mounted arrays of 5 μm-thick human prostate tissue sections were obtained from de-identified specimens (courtesy of Dr. Robert L. Vessella, University of Washington) that represented normal tissue (n=10 subjects with a mean age of 61 and a range of 48-77 yr old), tissue exhibiting benign prostatic hyperplasia (BPH) (n=11 subjects with a mean age of 66 and a range of 51-76 yr old), and tissue demonstrating prostate cancer, Gleason 4 (n=9 subjects with a mean age of 59 and a range of 48-77 yr old). The sections were stained for HA in a manner similar to the collagen gels, photographed by digital microscopy, and then analyzed specifically for intensity of DAB staining in the stroma using ImageJ (National Institutes of Health freeware).
Influence of HA on cell proliferation. Cells were seeded on top of young collagen gels at subconfluence (≈5,000 cells/ well). After 3 h, the culture medium was replaced with serumfree RPMI-1640 and the cells were cultured overnight. Subsequently, the cultures received either RPMI-1640/10% FBS (without added HA) or RPMI-1640/1% FBS with or without 10 μg/ml of purified 250 kDa HA (Hyalose, Oklahoma City, OK). Cell proliferation 72 h after plating was measured using the CellTiter Aqueous assay (Promega, Madison, WI).
Statistical analyses. All experiments were performed at least three separate times with a minimum of duplicate samples within each experiment. Statistical significance between young/aged groups and control/experimental groups was determined using a paired Student's t test with unequal variance with p<0.05.
Results
Three-dimensional gels provide models of cell-ECM interactions that are relevant to cell behaviors in vivo (Lee et al. 2007; Bartling et al. 2009; Leventhal et al. 2009; Petrie et al. 2012) . In this context, we and others have established that 3D gels polymerized from collagen extracted from young and aged animals induce differential cellular responses that reflect tissue aging (Jiang et al. 2000; Bartling et al. 2009; Damodarasamy et al. 2010) . Moreover, aged collagenous ECM in vitro provides an environment that can simulate pathologic responses in vivo (Bentov et al. 2013 ).
Cell proliferation is increased on aged collagen gels compared to young collagen gels. We first examined whether contact with young vs. aged collagen gels differentially influenced the proliferative responses of the PEC, BPH-1, and LNCaP cell lines. PEC and BPH-1 cells assumed a flattened, well-spread morphology on the young gels (Fig. 1A, B) . In contrast, LNCaP cells maintained highly rounded shapes on young gels (Fig. 1C) . On the aged gels, all three cell lines exhibited, respectively, the same spread (PEC and BPH-1 cells- Fig. 1D , E) and round (LNCaP- Fig. 1F ) shapes that they had on the young gels. Although aged collagen gels did not differentially affect cell shape relative to young collagen gels, we found that the proliferation of all three lines was significantly greater on aged collagen gels relative to young collagen gels (Fig. 1G-I ).
Aged collagen extracts have an increased content of HA relative to young collagen extracts. It has been shown that collagenous ECM extracted from young and aged tissues retains non-collagenous ECM molecules (Bartling et al. 2009 ). Age-associated differences in these non-collagenous components might contribute to observed differences in the behaviors of cells cultured on young vs. aged collagen gels. We have previously noted that extracts of tail tendon collagen from young and aged mice have a similar content of structural ECM proteins, such as laminin and fibronectin (Damodarasamy et al. 2010) . In this study, we evaluated several collagen-associated molecules that can regulate cell behavior. The extracts of young and aged collagen exhibited very similar levels and patterns of type I collagen expression, as determined by SDS-PAGE-Western immunoblotting with a type I collagen antibody ( Fig. 2A) . As expected, both young and aged collagen extracts contained high levels of α-1(I) and α-2(I) collagen chains. Also expected was the larger quantity of α-1(I) relative to α-2(I), which reflected the 2:1 ratio of these subunits in the native collagen triple helix. A ladder of faint immunoreactive bands of lower MW was also observed. These bands likely represented collagen degradation products, which were present in substantially lower quantities compared to the intact α-1(I) and α-2(I) chains. Like type I collagen, we found that the matricellular glycoprotein TSP-1 and the proteoglycans decorin and biglycan were expressed at similar levels in the young and aged collagen extracts (Fig. 2B) .
In subsequent experiments, we assayed the collagen extracts for the presence of the glycosaminoglycan HA, a large, unbranched polymer of the disaccharide glucuronic acid/Nacetylglucosamine that is the major non-proteinaceous ECM component of connective tissues. HA was found at substantially higher levels in gels made from aged collagen compared to corresponding gels made from young collagen, as shown by affinity-staining the gels with the HA ligand HABP (Fig. 2C,  D) . In quantitative ELSA assays of three separate pools (n=5 to 6 mice per pool), aged collagen extracts had a 2.5-fold greater HA content than young collagen extracts (Fig. 2E) . Averaged across the three assays, the absolute content of HA in the aged collagen extracts was 8.02± 1.6 ng HA per μg collagen vs. 3.88±2.4 ng HA per μg collagen for the young collagen extracts-a content difference of over 2-fold. The young and aged collagen extracts ran similarly on an agarose gel. Each contained HA covering a broad spectrum of MWs less than 750 kDa, with HA in the 250-300 kDa range predominant in the aged collagen extracts.
Addition of HA stimulates proliferation of BPH-1 cells cultured on young collagen gels. The specific effects of HA on cell proliferation on 3D collagen was shown by addition of purified HA to PEC, BPH-1, and LNCaP cells cultured on young collagen gels. The MW (250-300 kDa) and concentration (10 μg/ml) of HA used approximated the size and concentration of total HA we measured in the aged collagen extracts. Exposure of BPH-1 cells to the exogenous HA resulted in significantly increased proliferation relative to control cultures that did not receive HA (Fig. 3B ). This increase was similar to that seen with 10% FBS, which served as the positive control. BPH-1 cells cultured on aged collagen that was pretreated with hyaluronidase (Sigma-Aldrich) (pretreatment conditions were 50 units of hyaluronidase per ml of collagen for 1 h at 37°C) exhibited decreased proliferation relative to BPH-1 cells culture on untreated aged collagen, underscoring the specific effect of HA on this cell line (data not shown). Notably, exposure of PEC and LNCaP cells to HA in an identical fashion to that of BPH-1 cells did not stimulate proliferation (Fig. 3A and C) .
Prostate tissue exhibiting BPH has increased HA deposition in the stromal ECM. To examine the relevance of our in vitro data to prostate tissues in vivo, we used HABP to stain a series of tissue sections from normal human prostates, prostates exhibiting BPH, and prostate cancers to assess the levels of deposition of endogenous HA in the ECM of the stroma (representative images are shown in Fig. 4A-C) . HA deposition in the stroma of BPH tissue was significantly greater than that found in normal prostate tissue, as measured by quantification of staining intensity in digital images (Fig. 4D) . HA levels were also significantly higher in sections of prostate cancer relative to those of normal prostate tissue (but to a lesser degree than for BPH tissue vs. normal prostate) (Fig. 4D) .
Discussion
The microenvironment of aged tissues promotes the growth of prostate epithelial cells (Begley et al. 2008; Sprenger et al. 2010) . Collagenous ECM extracted from tail tendons and polymerized into 3D gels provides an ideal model to study the effect of specific ECM components on cell behaviors (Bartling et al. 2009; Leventhal et al. 2009 ). Threedimensional gels made from collagen extracted from aged animals are highly useful tools to study the effects of aged ECM on cell behaviors in vitro, which are relevant to cell-ECM interactions in vivo (Bentov et al. 2013) . In this context, we found that, compared to young collagen gels, aged Figure 2 . Young and aged collagen extracts have similar content of type I collagen and associated non-collagenous ECM components, but there is increased content of HA in aged collagen. Extracts of young and aged collagen (YC, AC) were resolved by SDS-PAGE under reducing conditions, transferred to nitrocellulose, and stained with antibodies to specific ECM components. Both YC and AC extracts showed strong and similar staining for α-1(I) and α-2(I) chains of type I collagen (blot "COLL") (A) and weak staining of lower MW bands that likely represent collagen degradation products. TSP-1, decorin, and biglycan were also found in similar quantities in the YC and AC extracts (B) (blots "TSP," "DC," and "BG," respectively). In A and B, positions of MW markers (values are in kDa) are indicated by arrowheads. Sections of gels prepared from YC (C) and AC (D) extracts were stained with HABP to demonstrate total HA content. Note the substantially greater staining (brown color) of the aged gel vs. the young gel. In C and D, scale bars=50 μm. Correspondingly, quantitative ELSA assays of the collagen extracts (E) indicated that the AC extracts (gray bar) contained an average of 2.5-fold more HA than did the YC extracts (black bar), as determined by three separate assays of pooled extracts representing a total of 15 young and 16 aged mice. Average HA content was 8.02±1.6 ng HA per μg aged collagen vs. 3.88±2.4 ng HA per μg young collagen. Values are mean±SEM.
collagen gels elicited significantly greater proliferation of three distinct prostate epithelial cell lines: PEC, BPH-1, and LNCaP. The effect of aged collagen on the LNCaP cells was less robust than on the BPH-1 and PEC cells, a result that likely reflects the decreased responsiveness of highly malignant cells to the ECM (Sprenger et al. 2010) .
Age is the greatest risk factor for benign and malignant prostatic disease (Grönberg et al. 1994; Saad et al. 2008 ). We focused our subsequent studies on how aged collagenous ECM might influence the proliferative responses of prostate epithelial cells. As an example, there has been much debate on the effect of collagen density and organization on cell proliferation (Provenzano et al. 2008; Leventhal et al. 2009 ). Some propose that a loose collagen matrix facilitates cell division, but it has also been noted that greater collagen density upregulates adhesion receptors that could ultimately stimulate pro-growth signaling pathways (Ng and Brugge 2009) . Consequently, aged collagen has structural features that can both promote and inhibit epithelial proliferation.
Less is known about the presence of ECM-associated components that could differentially influence the behaviors of cells cultured in young and aged collagen gels. Collagen extracts are especially well-suited for evaluation of collagenassociated ECM molecules, as the extracts are free of cells and soluble factors, but retain posttranslationally modified collagen and associated ECM molecules (Harrison and Archer 1978; Bartling et al. 2009; Damodarasamy et al. 2010) . ECM molecules associated with collagen include structural ECM proteins, such as fibronectin and laminin, and molecules that serve primarily to regulate cell behaviors, such as the matricellular proteins TSP-1 and SPARC and the proteoglycans decorin and biglycan (Bradshaw et al. 2010; Damodarasamy et al. 2010; Iozzo and Sanderson 2011; Orgel et al. 2011) . Notably, we did not observe differences in the expression of TSP-1, biglycan, and decorin in young compared to aged collagen extracts. In contrast, there were marked differences in the content of the glycosaminoglycan HA, which was consistently two to threefold greater in aged collagen relative to young collagen extracts.
HA is the major non-proteinaceous component of ECM and is critical for the organization, assembly, and homeostasis of ECM, including collagen (Toole 2004; Stern and Maibach 2008; Roughley et al. 2011; Afratis et al. 2012) . HA is found in prostate ECM in both benign and malignant pathology (De 1983; Pullen et al. 2001; Misra et al. 2006; Simpson and Lokeshwar 2008) . HA size has differential effects on cell behavior that relate to its chain length: newly synthesized HA has a high MW (up to 2×10 4 kDa) and can inhibit a variety of cellular processes (Goldberg and Toole 1987; Bharadwaj et al. 2007; Tian et al. 2013) . Once secreted, however, HA is rapidly cleaved by hyaluronidases into a continuum of lower MW forms (i.e., <300 kDa) that can promote the growth of prostate tissue. Consequently, there is long-standing interest in HA content, size, and mediators of HA cleavage as predictors for disease progression in the prostate (Lokeshwar et al. 1996 (Lokeshwar et al. , 2001 Kovar et al. 2006; Bharadwaj et al. 2007; Afratis et al. 2012) . In prostate cancer, it is well described that increased levels of hyaluronidases (and thereby increased levels of HA degradation) correlate with aggressive disease (Lokeshwar et al. 2001; Kovar et al. 2006; Simpson and Lokeshwar 2008) . Far less is known about the influence of HA on prostate hyperplasia. An increase in total HA expression and variability of HA size is a feature of benign prostate disease (De Klerk 1983; Goulas et al. 2000; Pullen et al. 2001) . Given the complex nature of prostate ECM, the use of ECM extracts is particularly advantageous for studies of specific components, such as HA, that influence the behaviors of prostate epithelial cells.
In this study, aged collagen extracts contained significantly more total HA than young collagen extracts, but the MW distribution of the native HA in the aged and young extracts was relatively similar, with HA of the 250-300 kDa size predominant in the aged collagen. Of note, this size range of HA does not trigger pathways inhibitory to wound repair as noted with higher MW (>1,000 kDa) forms of HA, or induce inflammatory signals as found with very low MW (<20 kDa) forms of HA (David-Raoudi et al. 2008; Maharjan et al. 2011; Ghazi et al. 2012; Damodarasamy et al. 2014) . The specific contribution of HA to promoting replication of BPH-1 cells was underscored by the significant increase in proliferation when BPH-1 cells were stimulated with purified HA in the size range (250-300 kDa) and concentration similar to that present in the aged collagen extracts. The fact that exposure to HA did not promote proliferation of PEC or LNCaP cells could indicate that other properties of aged 3D collagen were more operative in these cell types. Such properties could include a looser or more disorganized matrix, which has been shown to promote proliferative responses in many types of epithelial cell lines (Provenzano et al. 2008; Leventhal et al. 2009 ).
In summary, 3D gels made from collagenous extracts from aged mice significantly increased proliferative responses from benign and malignant prostate epithelial cells relative to corresponding gels made from collagenous extracts from young mice. Relative to young collagen extracts, aged collagen extracts contained substantially larger quantities of the glycosaminoglycan HA. The increased levels of HA in the aged collagen extracts might, at least in part, account for the greater proliferation of BPH-1 cells cultured on aged collagen gels. This is supported by the finding that BPH-1 cell proliferation was significantly stimulated by exposure to HA of a size range and concentration similar to that found in the aged collagen extracts. Interestingly, we found that histochemical analyses of human prostatic tissues showed significantly higher expression of HA in BPH and (to a lesser degree) prostate cancer stroma relative to stroma of normal prostate. We suggest that HA is a specific mediator in aged ECM that promotes the growth of prostate epithelial cells. In vitro systems utilizing 3D collagen gels are increasingly used to simulate cell-ECM interactions that occur in vivo. Therefore, it is important to note that the presence in collagen gels of specific noncollagenous components, such as HA, may exert a significant influence on cell behavior.
